Acute intermittent porphyria (AIP) is a genetic disorder caused by a deficiency of porphobilinogen deaminase (PBGD), the 3rd enzyme in heme synthesis. It is clinically characterized by acute attacks of neuropsychiatric symptoms and biochemically by increased urinary excretion of the porphyrin precursors porphobilinogen (PBG) and 5-aminolevulinic acid (ALA). A mouse model that is partially deficient in PBGD and biochemically mimics AIP after induction of the hepatic ALA synthase by phenobarbital was used in this study to identify the site of formation of the presumably toxic porphyrin precursors and study the effect of enzyme-replacement therapy by using recombinant human PBGD (rhPBGD). After 4 d of phenobarbital administration, high levels of PBG and ALA were found in liver, kidney, plasma, and urine of the PBGD-deficient mice. The administration of rhPBGD intravenously or subcutaneously after a 4-d phenobarbital induction was shown to lower the PBG level in plasma in a dose-dependent manner with maximal effect seen after 30 min and 2 h, respectively. Injection of rhPBGD subcutaneously twice daily during a 4-d phenobarbital induction reduced urinary PBG excretion to 25% of the levels found in PBGD-deficient mice administered with only phenobarbital. This study points to the liver as the main producer of PBG and ALA in the phenobarbital-induced PBGD-deficient mice and demonstrates efficient removal of accumulated PBG in plasma and urine by enzyme-replacement therapy.
INTRODUCTION
Acute intermittent porphyria (AIP) is an autosomal dominant disorder caused by insufficient activity of the 3rd enzyme in the heme biosynthetic pathway, porphobilinogen deaminase (PBGD). It is clinically characterized by acute attacks of neuropsychiatric symptoms (1) . Factors known to trigger the attacks are stress, poor nourishment, alcohol or drugs, and chemicals that can induce hepatic ALA synthase (ALAS-1), the 1st and rate-limiting enzyme in heme synthesis (2) . The up-regulation of ALAS-1 results in an increased flux of metabolites and overload of the deficient PBGD step with a subsequent accumulation and increased urinary excretion of the porphyrin precursors porphobilinogen (PBG) and 5-aminolevulinic acid (ALA) (1) . In patients with symptomatic porphyria, increased levels of porphyrin precursors also have been found in plasma, liver, kidney, and cerebrospinal fluid (3) (4) (5) (6) . However, despite decades of research, the possible role of the porphyrin precursors in the pathophysiology of AIP symptoms has still not been clarified (7, 8) .
Current treatment of the acute attack in AIP, based on heme replacement and carbohydrate loading (9) , is considered to repress hepatic ALAS-1 and thus the overproduction of PBG and ALA (1) . This palliative therapy has improved the prognosis of the disorder but may fail to reverse an established neuropathy (10) . Repeated heme administration is often troubled by deteriorated peripheral venous access (11) . A new form of treatment, based on PBGD replacement therapy that substitutes the primarily deficient enzyme and thereby avoids the accumulation of the porphyrin precursors, is at present under evaluation (12) . Two different isoforms of PBGD, erythroid and housekeeping, exist (13) , and the recombinant human PBGD (rhPBGD) is manufactured as the erythroid isoform. The basis for enzyme replacement therapy during an AIP attack is that rhPBGD will remove plasma PBG, resulting in an increased efflux of intracellular PBG to the extracellular compartment and a subsequent removal of this. The hypothesis is that a reduction of intracellular PBG may remove the possible inhibition by high levels of PBG of the 2nd enzyme in heme synthesis, ALA dehydratase (7) , and thereby restore ALA metabolism and avoid ALA accumulation.
The aim of this study was to use PBGD-deficient mice, known to biochemically mimic AIP after induction of hepatic ALAS-1 by phenobarbital (14, 15) , to (a) determine the site of formation of PBG and ALA by studying the accumulation and excretion pattern in tissues, plasma, and urine, and (b) investigate the metabolic effect of both intravenous and subcutaneous administration of recombinant PBGD on PBG and ALA levels in plasma and urine.
MATERIALS AND METHODS

Animals
The animals were kept in facilities at Huddinge University Hospital, Stockholm, Sweden, according to the Swedish regulations and laws for care and use of laboratory animals. Adult female and male PBGD-deficient mice, aged-and sex-matched to a C57BL/6 control strain, were used in the study. The generation of the PBGD-deficient mouse strain was performed as described by Lindberg and others (14) . To overload the deficient enzymatic step, the PBGD-deficient mice were intraperitoneally administered with increasing doses (75, 80, 85, 90 mg/kg body weight) of phenobarbital (modified from Lindberg and others [14] ) for 4 consecutive days.
Enzyme Administration and Study Design
The recombinant human PBGD (rhPBGD) (HemeBiotech A/S, Lidigö, Sweden) was administered intravenously or subcutaneously. The kinetics of rhPBGD in plasma was determined at different time-points (0, 15, 30, 45, 60, 90, 120, and 180 min) after intravenous injection of 50 µg rhPBGD (2.3 to 2.8 mg/kg) and subcutaneous injection of 300 µg rhPBGD (10 to 15 mg/kg). To investigate if rhPBGD affects the increased plasma and urinary levels of PBG and ALA in phenobarbital-induced PBGD-deficient mice, animals in 1 study were administered intravenously with 3 doses (0.25, 0.5, and 1.0 mg/kg) of rhPBGD, using a single injection in the tail vein at day 4 of the phenobarbital induction. In a 2nd study, they were administered subcutaneously with 3 doses (1, 2, and 5 mg/kg). A control group of PBGD-deficient mice, administered with phenobarbital, was injected with 100 µL of sterile saline. To investigate the effect of repetitive administration of rhPBGD on levels of PBG and ALA in urine, PBGD-deficient mice were treated with rhPBGD during the phenobarbital induction. The mice were administered on days 1 to 4 with phenobarbital and on days 1 to 5 with rhPBGD (20 mg/kg) subcutaneously 2 times daily. As control, the PBGD-deficient mice were administered with phenobarbital on days 8 to 11.
Specimen Collection
Blood was collected from either the saphenous vein or the retroorbital sinus in MiniCollect  tubes with Li-heparin additive (Greiner Bio-One, Longwood, FL, USA) and immediately centrifuged at 3000g for 10 min. Both plasma and separated blood cells were stored at -80 °C until analysis. Urine was collected protected from light during 24 h by using metabolic cages and stored at -80 °C until analysis. Liver, kidney, spleen, lung, heart, brain, and muscle (thigh) were removed from the anesthetized animal obtained by intraperitoneal injection of 0.2 mL/10 g body weight of a 2.5% tribromoethanol and tert-amyl alcohol (avertin) solution. The tissues were snap-frozen in liquid nitrogen and stored at -80 °C until preparation.
Tissue Preparation
For PBGD activity measurement, a part of the frozen tissue sample (0.1 to 0.4 g) was immersed in 2 mL of 50 mmol/L Tris-HCl buffer (pH 8.2). The sample was homogenized on ice for about 3 min at a speed of 120 rpm using a Potter-Elvehjem glass homogenizer (inner diameter 8.0 mm, frosted wall) fitted with a Teflon pestle (diameter 7.8 mm) and finally centrifuged at 10000g for 10 min at 4 °C. The pellet was discarded and the supernatant was stored at -80 °C until determination of PBGD activity and Western blot analysis. For determination of PBG and ALA concentrations, part of the frozen tissue sample (0.1 to 0.4 g) was homogenized in 0.5 mL 50 mmol/L Tris-HCl buffer (pH 8.2) containing 20 mmol/L citrate using the same procedures as described above. The sample was kept in the dark during the whole procedure. After centrifugation at 3000g for 5 min at 4 °C, the supernatant was transferred to a new tube and centrifuged at 13000g for 10 min at 4 °C. The supernatant was stored at -80 °C until determination of PBG and ALA concentrations.
Determination of PBGD Activity
The PBGD activity in tissue homogenates and blood cells and plasma were assayed by measuring the conversion of PBG to uroporphyrin according to the method of Magnussen and others (16) . The protein concentration was analyzed using the Bio-Rad DC Protein Assay (Hercules, CA, USA), and the samples were diluted to a concentration of 0.5 g protein/L with 50 mmol/L Tris-HCl buffer (pH 8.2). A volume of 1.45 mL of the diluted sample was used in the assay, performed as previously described (17) . The PBGD activity was expressed in terms of pkat/g protein. One katal equals the conversion of 1 mol of substrate (PBG)/s, and 1 unit/L corresponds to 16.67 nkat/L (18).
Western Blot Analysis of PBGD
A volume of 65 µL of tissue homogenate or blood cells (diluted to 1.0 g protein/L) from control mice, and standards consisting of the erythroid rhPBGD (0.1 g/L) and mouse housekeeping PBGD, produced as reported before (17), was mixed with 25 µL NuPage LDS sample buffer and 10 µL NuPAGE reducing agent (Novex  ). The mixture was incubated at 70 °C for 10 min. A volume of 30 µL of the samples and 20 µL of the standards was run in the Western blot assay, performed as previously described (17) .
Determination of PBG and ALA Concentrations
PBG and ALA in tissue and plasma were quantified by using a liquid chromatography-mass spectrometry (LC-MS) method developed by HemeBiotech A/S research laboratory (Dr Claes Andersson, HemeBiotech A/S, manuscript in process), and in urine by a quantitative ion exchange column method (19) . Homogenized tissue samples and plasma were deproteinized by mixing 100 µL cold acetonitrile with 50 µL sample. After centrifugation at 10000g for 8 min, 50 µL supernatant was transferred to a clean test tube and mixed with 50 µL ethanol and 25 µL triethylamine (ratio 2:2:1). The samples were dried under vacuum. The free amino groups of PBG and ALA were derivatized with phenylisothiocyanate by adding 50 µL phenylisothiocyanate reagent (ethanol:water: triethylamine: phenylisothiocyanate, ratio 7:1:1:1) to each dried sample. The reaction was allowed to proceed for 30 min at room temperature. The samples were dried under vacuum, dissolved in 62.5 µL of 20% ethanol, and centrifuged at 10000g for 5 min. The supernatants were transferred to high-performance liquid chromatography glass vials and kept at 4 °C until analysis. Depending on the concentration of PBG and ALA in the sample, 1 to 50 µL of the supernatant was injected into a Zorbax SB-C18 column (2.1 mm inner diameter × 15 cm) in-line with a Zorbax SB-C8 guard column, which had been equilibrated with 95% 25 mmol/L formic acid in water and 5% of 25 mmol/L formic acid dissolved in acetonitrile. The PBG and ALA derivates were eluted with a two-component gradient, which changed from a 2-min isocratic gradient to 40% formic acid in 17 min after sample injection. This ratio was maintained for 1 min before the formic acid was decreased to 20% in 2 min and finally returned to the starting point after an additional 2 min.
The sample was detected by UV absorbance followed by a selected ion monitoring with an electrospray quadropol mass spectrophotometer. A standard curve was run each time with PBG (Sigma, St Louis, MO, USA) and ALA (Bio-Rad), and the concentrations of PBG and ALA in tissue were reported as pmol/mg wet weight tissue, in plasma as µmol/L and in urine as mmol/mol creatinine.
RESULTS
PBGD Activity in Tissues
The basal activity of PBGD in various tissues from the PBGDdeficient mice ranged between 22% to 42% of the activity found in tissues from control mice ( Table 1 ). The highest levels of PBGD activity were observed in spleen, although with a great individual variation. In PBGD-deficient mice the activity ranged between 48 and 756 pkat/g protein (mean 142 ± 195) and in control between 138 and 1270 pkat/g protein (mean 644 ± 430) ( Table 1 ).
Molecular Weights of PBGD
The molecular weights of PBGD in spleen and blood cells from control mice were determined by Western blot analysis (Figure 1 ). In spleen, only the erythroid isoform of PBGD (42 kDa) was found, and in blood cells, both the erythroid and the slightly larger housekeeping isoform of PBGD (44 kDa) were identified. In liver, only a weak band at 44 kDa was detected (data not shown), and no PBGD was detected in the other tissues, i.e. lung, kidney, heart, and brain, suggesting that the amount of PBGD in those tissues was below detection limit of the method.
PBG and ALA in Plasma, Urine, and Tissues
The concentrations of PBG and ALA were determined in PBGDdeficient mice during the phenobarbital administration. The levels of porphyrin precursors in plasma ( Figure 2A ) and urine ( Figure 2B ) Tissue from PBGD-deficient mice were gradually increased during the 4-d phenobarbital administration (days 1 to 4). Once the treatment was interrupted the porphyrin precursor levels in urine were reduced to the initial levels within 3 d ( Figure 2B ). If the procedure was repeated (days 8 to 11), the urinary excretion of PBG and ALA was increased a 2nd time ( Figure 2B ). Six hours after the 4th phenobarbital injection, high levels of PBG and ALA were found in liver and kidney in the PBGD-deficient mice (Table 2 ). In the other tissues (that is, spleen, lung, heart and brain), PBG and ALA were under detection limit, <3.5 and <1.0 pmol/mg tissue respectively. Tissue levels of PBG and ALA were also under detection limit in PBGDdeficient mice without phenobarbital administration. No elevated levels of PBG and ALA, except a small increase in plasma, were found in control mice that were administered with phenobarbital.
Plasma Kinetics of rhPBGD
Recombinant human PBGD (rhPBGD) injected intravenously in mice was cleared from the systemic circulation after 60 min with a plasma half-life of approximately 20 min (Figure 3) . A different pattern of rhPBGD in systemic circulation was observed after subcutaneous injection. The highest level of rhPBGD in plasma was found 60 min after injection and the level thereafter declined slowly with a half-life of about 120 min (Figure 3 ).
Effect of rhPBGD on PBG and ALA After 4-d Phenobarbital Induction
Intravenous injection of rhPBGD after the 4th phenobarbital injection resulted in a rapid reduction of plasma PBG levels (Figure 4A) . The effect was shown to be dose dependent with an almost complete removal of PBG (6 of 8 mice had undetectable plasma PBG levels) 0.5 h after administration of the highest dose (1 mg/kg). A lowering effect on plasma PBG levels using the highest dose was still present at 2 h following rhPBGD administration ( Figure 4A ). The subcutaneous injection of rhPBGD resulted in a slower reduction of PBG levels with the best effect seen 2 h after injection ( Figure 4B ). A dose-response effect was observed with the maximal effect using the highest dose (5 mg/kg). Using this dose the PBG levels, at 2 h after rhPBGD administration, decreased to 19% as compared with 65% in the control group of PBGD-deficient mice that received phenobarbital and saline. Six hours after the intravenous and subcutaneous injections of rhPBGD the PBG levels were returned to or above 100%. No reduction of plasma ALA levels was detected, within the observation time, at any dose of rhPBGD or injection procedure (data not shown).
Effect of rhPBGD on PBG and ALA During the 4-d Phenobarbital Induction
The highest PBG concentration in urine found at day 4 in the phenobarbital treated PBGD-deficient mice injected subcutaneously twice daily (day 1 to 5) with rhPBGD was reduced to about 25% of that excreted from control, that is, PBGD-deficient mice injected with phenobarbital and saline ( Figure 5 ). No effect on urinary ALA excretion was observed (data not shown). Later, if the phenobarbital administration was repeated without rhPBGD (day 8 to 11) a similar increase in the urinary excretion of PBG was observed in both groups ( Figure 5 ). 12.5 ± 3.1 (n = 6) 0.23 ± 0.08 0.63 ± 0.30 Urine 3.6 ± 1.6 168 ± 20.6 (n = 3) 1.9 ± 1.9 2.6 ± 0.9 (n = 3)
ALA and PBG in tissues are expressed as pmol/mg tissue, in plasma as µmol/L, and in urine as mmol/mol creatinine (UD = under detection limit, i.e. in tissues ALA < 1.0 and PBG < 3.5 pmol/mg tissue, respectively, and in plasma ALA < 0.1 µmol/L). The porphyrin precursors in tissues and plasma were measured 6 h after the 4th injection of phenobarbital. The urine was collected during 24 h after the 4th injection.
DISCUSSION
PBG and ALA have been suggested to be involved in the pathophysiology of AIP (1), but their site of formation has not been completely elucidated. In this study we used a mouse model (14) that biochemically mimics AIP after phenobarbital administration to study the accumulation and excretion pattern of the porphyrin precursors. The mouse model was also used to study the effect of rhPBGD on the high levels of PBG and ALA. This study, together with a recent abstract from our group using the same enzyme (12) , are the 1st steps to investigate enzyme-replacement therapy for AIP. The enzymatic characterization of the AIP mouse model showed that the PBGD activity in the different tissues ranged from 22% to 42% of control ( Table 1 ). The value for liver tissue, 28%, is in close agreement with the 30% found in other studies (14, 15) . The high enzyme activity of the erythroid isoform of PBGD (Table 1 and Figure 1 ) found in spleen is probably due to the dominance of immature red blood cells. In the adult mouse, both the spleen and bone marrow are hematopoietic organs (20) , and the result is therefore consistent with the higher PBGD activity reported for hematopoietic tissues (21) .
The low or undetectable levels of PBG and ALA in tissues and plasma from the PBGD-deficient mice without induction of phenobarbital (Table 2) suggest that the biosynthetic pathway operates efficiently in this model in the absence of triggering factors. The induction of hepatic ALAS-1 by phenobarbital in the PBGDdeficient mice resulted in increased concentrations of PBG and ALA in plasma (Table 2 and Figure 2A ) and urine (Table 2 and Figure 2B ). A 2nd administration of phenobarbital for 4 d caused a similar increased excretion pattern of PBG and ALA in urine ( Figure 2B ). The concentration of ALA in plasma obtained in this study during the phenobarbital induction was found to be half of that previously reported (15, 22) and in urine about 80% lower (14, 15, 22) . This may be due to the use of lower doses of phenobarbital in the present study, because our mice did not survive the higher doses used in the other studies (14, 15, 22) . There are no previous data on plasma and urinary PBG levels in the PBGD-deficient mice. The concentration of ALA in urine from PBGD-deficient mice administered with phenobarbital was twice as high as PBG, which differs from observations in urine from AIP patients with clinical symptoms and asymptomatic patients with high excretion, where PBG values are twice as high as ALA (3, 23) . The relatively lower PBG concentration found in urine from the PBGDdeficient mice could also be a consequence of the 24-h collection period at room temperature, in which PBG may have been converted nonenzymatically to uroporphyrin (24) . In plasma from phenobarbital-provoked PBGD-deficient mice the PBG levels were approximately twice as high as the ALA levels ( Table 2 and Figure 2A ), which is also found in AIP patients during acute attack and asymptomatic patients with high excretion (3, 23) . After 4 d of phenobarbital induction, the liver and kidney tissues of the PBGD-deficient mice contained by far the highest concentrations of PBG and ALA ( Table 2 ). The data support the hypothesis that the hepatic induction of ALAS-1 is primarily responsible for the elevated levels of porphyrin precursors during an acute attack (1) . The high values found in kidney could reflect either a site of high synthesis of porphyrin precursors or merely an accumulation during the filtration process. The great dominance of PBG over ALA in the liver (Table 2 ) could reflect either a higher clearance rate for ALA or that it is readily metabolized to PBG. A high clearance rate could indicate the possibility of a fast distribution of ALA to other organs. However, we did not find high levels of ALA in other organs except liver and kidney. It has previously been reported that ALA accumulates in the extracellular fluid of striatum in PBGD-deficient mice after phenobarbital induction (22) , but in the present study, the ALA level was not increased over control value in brain.
The rationale for using enzyme-replacement therapy clinically in the AIP attack is 1st to reduce the high levels of plasma PBG, which will possibly release ALAD inhibition, and thus ALA accumulation as well. The toxicity of the porphyrin precursors is controversial, and so far not elucidated, as there is no clear correlation between the degree of clinical symptoms and the amount of PBG and ALA in the urine (25) . During acute AIP attacks PBG and ALA are always increased, but there is also a large number of AIP patients with elevated levels of PBG and ALA in plasma and urine without having any symptoms (23) . ALA has been shown to have a number of effects in biological systems (8, 26) , but has failed to show any effect in vivo when administered to humans (27, 28) and rodents (29) . Possible toxicity of PBG has been reported (30) but has also been found harmless when injected in vivo (3) . The toxicity of PBG has been questioned because patients with ALA dehydratase porphyria and lead poisoning have similar symptoms to AIP, even though only ALA is increased (1) .
Intravenous and subcutaneous injections of rhPBGD to phenobarbital-treated PBGD-deficient mice, lowered the high levels of plasma PBG in a dose-dependent manner with maximal effect seen 30 min and 2 h after the administration, respectively (Figure 4) . The pattern of plasma PBG reduction is consistent with the different kinetics of rhPBGD observed in plasma after intravenous and subcutaneous injection (Figure 3) . Data from the clinical trial showed that intravenous injection of rhPBGD produced an instant, almost complete, removal of plasma PBG (12) . Recombinant human PBGD injected intravenously to mice was cleared from the systemic circulation in about 60 min. After the subcutaneous injection, a slower absorption of rhPBGD to plasma was observed with the highest level of rhPBGD found 60 min after administration, which thereafter slowly declined ( Figure 3 ). The rhPBGD dose needed to lower the PBG level in plasma is about 5 times higher using the subcutaneous route as compared with the intravenous route, but the effect on the PBG clearance in plasma seems to be prolonged when using subcutaneous administration of rhPBGD. Six hours after the rhPBGD administration, the levels of PBG in plasma were increased to or even more than 100% (Figure 4) . This is probably due to the response of the last phenobarbital injection, given at the same time as rhPBGD. A minor reduction of plasma PBG was also seen in the control group after subcutaneous administration of saline ( Figure 4B ), which could be explained by a delayed effect of the phenobarbital administration.
The administration of rhPBGD had no effect on ALA levels in the present study. However, the short-term effect seen on the plasma PBG levels after 1 injection of rhPBGD is probably not enough to obtain an effect on ALA levels in plasma. To reduce ALA levels, a prolonged treatment of rhPBGD is probably needed to sustain a decrease in the intracellular level of PBG. The effect of a repeated subcutaneous treatment of rhPBGD during the 4-d phenobarbital induction was studied in 24-h urine fractions from PBGD-deficient mice. A reduction of urinary PBG to about 25% of the level in a control group with PBGD-deficient mice, administered with phenobarbital, was observed ( Figure 5 ), but no effect on ALA was seen. A reduction of ALA levels may be difficult to obtain in the PBGD-deficient mice, because the repeated phenobarbital administrations maintain the induction of ALAS-1 and perpetuate a high synthesis of porphyrin precursors.
In conclusion, this study demonstrates that the major site of formation of PBG and ALA during phenobarbital induction in the PBGD-deficient mice is the liver and possibly also the kidney. High levels of the porphyrin precursors were found in plasma and urine and the injection of rhPBGD, both intravenous and subcutaneous, reduced the plasma and urinary levels of PBG. 
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